Objective Resistin causes insulin resistance and diabetes in mice whereas in humans it is linked to inflammation and atherosclerosis. Few human genetic studies of resistin in inflammation and atherosclerosis have been performed. We hypothesized that the -420C>G putative gain-of-function resistin variant would be associated with inflammatory markers and atherosclerosis but not with metabolic syndrome or adipokines in humans. Design and methods We examined the association of three resistin polymorphisms, -852A>G, -420C>G and +157C>T, and related haplotypes with plasma resistin, cytokines, C-reactive protein (CRP), adipokines, plasma lipoproteins, metabolic syndrome and coronary artery calcification (CAC) in nondiabetic Caucasians ( n = 851). Results Resistin levels were higher, dose-dependently, with the -420G allele (CC 5·9 ± 2·7 ng/ml, GC 6·5 ± 4·0 ng/ml and GG 7·2 ± 4·8 ng/ml, trend P = 0·04) after age and gender adjustment [fold higher for GC + GG vs. CC; 1·07 (1·00-1·15), P < 0·05)]. The -852A>G single nucleotide polymorphism (SNP) was associated with higher soluble tumour necrosis factor-receptor 2 (sol-TNFR2) levels in fully adjusted models [1·06 (95% CI 1·01-1·11), P = 0·01)]. The estimated resistin haplotype (GGT) was associated with sol-TNFR2 ( P = 0·04) and the AGT haplotype was related to CRP ( P = 0·04) in the fully adjusted models. Resistin SNPs and haplotypes were not associated with body mass index (BMI), fasting glucose, insulin resistance, metabolic syndrome, adipokines or CAC scores.
Introduction
Resistin was originally described as an adipose-derived protein in rodents that links obesity to insulin resistance. 1, 2 In mice, resistin expression in adipose tissue is increased in both diet-induced and genetic models of obesity and is related to measures of insulin resistance. [3] [4] [5] In humans, however, the relationship between resistin and insulin resistance is disputed, with some studies suggesting a positive association 6, 7 and others finding no relationship. [8] [9] [10] This may relate to species differences in gene homology and tissue expression. Unlike rodents, where resistin is adipocyte derived, resistin expression is myeloid restricted in humans 11, 12 and has an unclear relationship with adiposity, insulin resistance and metabolic syndrome, in lean nondiabetic subjects. 13 Consistent with a myeloid origin in humans, recent studies suggest a positive relationship with chronic inflammatory states including rheumatoid arthritis, 14 chronic kidney disease 15 and atherosclerotic cardiovascular disease (CVD), although the strength and significance of this latter association remains uncertain. 16 Up to two-thirds of plasma resistin variation may be attributable to heritable influences. 17 Several studies, with conflicting results, have examined the relationship of resistin gene variation with insulin resistance, obesity and glucose homeostasis. [18] [19] [20] [21] Among these, a putative gain-of-function promoter single nucleotide polymorphism (SNP),
Little is known of the association of resistin gene variation with measures of inflammation and atherosclerotic CVD. 21 We hypothesized that the -420C>G promoter SNP, and related haplotypes, would be related to inflammatory biomarkers and subclinical coronary atherosclerosis as measured by coronary artery calcification (CAC), but not with adiposity, markers of insulin resistance or plasma lipids in a nondiabetic Caucasian cohort.
Subjects and methods

Study subjects
The Study of Inherited Risk of Coronary Atherosclerosis (SIRCA) is a cross-sectional study of factors associated with CAC in a communitybased sample of asymptomatic subjects and their families. 24 Subjects were healthy adults, aged 30-75 years, with a family history of premature coronary artery disease (CAD) and were excluded if they had diabetes mellitus, serum creatinine > 3·0 mg/ml or if screening revealed evidence of CAD. The University of Pennsylvania Institutional Review Board approved the study protocol. Informed consent was given by all subjects. This work focused on nondiabetic, unrelated SIRCA Caucasian subjects ( N = 851).
Evaluated parameters
Study subjects were evaluated at the General Clinical Research Center (GCRC) at the University of Pennsylvania Medical Center and procedures included a questionnaire, physical examination, electrocardiogram (ECG), electron beam tomography (EBT) and blood collection as described previously. 24 Fasting plasma total and high density lipoprotein cholesterol (HDL-C), and triglyceride and glucose levels were measured enzymatically on a Cobas Fara II (Roche Diagnostic Systems Inc., NJ). Low density lipoprotein cholesterol (LDL-C) was calculated using the Friedewald formula. As described previously, 24 plasma levels of resistin, adiponectin and leptin (Linco, St Charles, MO), as well as interleukin (IL)-6 and soluble tumour necrosis factor receptor 2 (sol-TNFR2) (R&D Systems, Minneapolis, MN) were assayed, in duplicate, by enzyme-linked immunosorbent assays (ELISAs). C-reactive protein (CRP) levels were assayed using an ultra high-sensitivity latex turbidimetric immunoassay (Wako Ltd, Osaka Japan). 24 The intra-and interassay coefficients of variation (CVs) for pooled human plasma were 5·7% and 9·9% for adiponectin, 5·5% and 12·4% for leptin, 4·6% and 4·3% for resistin, 8·7% and 10·9% for IL-6, 5·3% and 12·1% for sol-TNFR2, and 8·0% and 8·3% for CRP, respectively. CAC scores, measured at EBT (Imatron, San Francisco, CA), were determined by the Agatston method as described previously. 24 Framingham risk scores were calculated as described by Wilson et al . 25 Subjects were classified as having the metabolic syndrome using the revised National Cholesterol Education Program (NCEP) definition, 26 which encompasses the five elements of waist circumference, triglycerides, HDL-C, blood pressures, and glucose using the 100 mg/dl as the cut-point for abnormal fasting glucose. The homeostasis model assessment [HOMA-IR index = fasting glucose (mmol/l) × fasting insulin ( μ U/ml)/ 22·5] 27 was used as a measure of insulin resistance.
Resistin SNPs were chosen based on prior evidence for association with resistin levels (-420C>G, rs1862513) and to provide additional linkage disequilibrium coverage of the 5 ′ region (-852A>G, rs3760678, and +157C>T, rs3219177). Genotyping was performed at the Broad Institute of the Massachusetts Institute of Technology by allele-specific multiplex primer extension of polymerase chain reaction (PCR)-amplified products with detection by matrixassisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectroscopy using the Sequenom MassARRAY™ platform. Genotyping assays were designed using the Sequenom Assay Design program utilizing hME chemistry in pools of up to six SNPs. Genotype call rates were 94·8%, 99·3% and 97·8% for -852A>G, -420C>G and +157C>T, respectively, and each SNP was in HardyWeinberg equilibrium ( P = 0·32, 0·96 and 0·16, respectively). Pairwise linkage disequilibrium (LD) between SNPs was estimated by Haploview Version 3·32 (Broad Institute http://www.broad.mit.edu/ mpg/haploview).
Statistical analysis
Power estimates (Genetic Power Calculator, http://pngu.mgh. harvard.edu/~purcell/gpc/ 28 ) suggest that a SIRCA sample size of 851 provided > 90% power, at alpha 0·01, to detect a common SNP allele [minor allele frequency (MAF) = 0·3] effect accounting for 2% of the variance in a quantitative trait (e.g. plasma resistin levels or inflammatory and metabolic biomarkers).
Statistical analyses of SNPs were performed using Stata 9·0 software (Stata Corp., College Station, TX) and R 2·4·1 software (http://www.r-project.org/). In crude analysis of continuous traits, we performed a nonparametric test for trend across three-level genotypes ordered by the number of mutant alleles using Cuzick's Wilcoxon-type test (nptrend command in Stata). Multivariable resistin SNP associations with inflammatory, metabolic and CAC phenotypes were tested using linear and logistic regression. Models were adjusted for age and gender and further for family history of premature CAD, body mass index (BMI), exercise (none vs. any), tobacco (current vs. never or ex-smokers) and alcohol use (drinks per week), use of medications (aspirin, niacin and statins) and finally, when not related to outcome, the metabolic syndrome and Framingham risk scores. There was no interaction by gender, assessed by the likelihood-ratio test in fully adjusted models, for the association of resistin genetic data with any phenotype. Results are presented for resistin alleles assuming a dominant model. For analysis of each SNP, all available genotype data were used; findings were similar when analyses were restricted to the subgroup with complete data for all three SNPs.
The package hapassoc implemented in the R (http://cran.r-project. org) was used to evaluate the association between traits and haplotypes adjusting for covariates. The procedure uses the Expectation Maximization (EM) algorithm to address haplotype ambiguity and perform maximum likelihood inference in generalized linear models. The EM algorithm provides an iterative approach to compute maximum likelihood estimates in problems involving missing data. In the context of haplotype analysis, the genotypes with linkage phase information constitute the missing data while SNP genotypes, phenotypes and covariates are observed. The E-step of the EM algorithm computes the conditional expectation of the complete data log-likelihood given the observed data and current estimates of the unknown parameters. The M-step maximizes the resulting conditional. Details of the method and its implementation can be found in Burkett and Graham. 29 We used haplotypes of > 5%
frequency, relative to the most common haplotype against which others were compared. A main effect model including indicator variables for haplotypes, age and gender (and additional covariates for fully adjusted model) was fit. Associations with CAC were evaluated using a linear regression model on log(CAC + 1). For all other continuous phenotypes, linear regression models were fit either on the original scale or the log scale to satisfy the assumption of normality.
Results
Characteristics of the SIRCA sample
As described previously, 24 the SIRCA sample has low-average CVD risk factors (Table 1) . Despite low Framingham risk, there were higher than expected age-and gender-based percentile CAC scores, consistent with recruitment based on an enriched family history of CVD. SNP allele frequencies and pairwise LD are shown in Table 2 .
Haplotype ACC was the most common (65·4%) whereas AGC, AGT and GGT haplotypes were estimated to each have frequencies of 9·1%, 10·5% and 10·2%, respectively. All other haplotypes had a frequency of < 5%.
Association of resistin SNPs with inflammatory and metabolic variables and CAC
Overall, levels of resistin and all inflammatory markers, but not metabolic parameters, tended to be higher in subjects with variant resistin alleles. In crude analysis, plasma resistin levels were dosedependently higher with the G allele of the -420 polymorphism (CC 5·9 ± 2·7 ng/ml, GC 6·5 ± 4·0 ng/ml and GG 7·2 ± 4·8 ng/ml, trend P = 0·04) (Fig. 1) . The T allele of SNP +157, which is in moderate LD with -420C>G ( r 2 = 0·52 in HapMap Caucasians; http:// 
HDL, high density lipoprotein; TNF, tumour necrosis factor; IQR, interquartile range. Values are given as median (IQR) unless stated otherwise. *Metabolic syndrome according to the revised National Cholesterol Education Program (NCEP) definition using glucose cut-point of 100 mg/dl. 
Each SNP was in Hardy-Weinberg equilibrium (P = 0·32, 0·96 and 0·16 for -852, -420 and +157, respectively). Pairwise LD between SNPs was estimated using Haploview Version 3·32 (Broad Institute http:// www.broad.mit.edu/mpg/haploview).
www.hapmap.org), also showed borderline statistical association with higher plasma resistin. In addition, the -852G allele was related to higher sol-TNFR2 (AA 1710 ± 518 pg/ml, AG 1837 ± 570 pg/ml and GG 1827 ± 563 pg/ml, trend P = 0·02). After adjusting for age and gender, and additionally for BMI, Framingham risk score and NCEP metabolic syndrome status, the -420G allele was associated with higher plasma resistin levels ( P = 0·05) and the -852G allele with higher sol-TNFR2 levels ( P = 0·015) ( Table 3 ). The association of -852G with sol-TNFR2 was not attenuated even after further adjusting for plasma resistin [fold increase 1·06 (95% CI 1·01 to 1·11), P = 0·016]. There was no evidence of association between any resistin SNP and BMI, metabolic syndrome status, plasma lipids or circulating levels of leptin or adiponectin (Table 3) . Resistin SNPs also showed no evidence of association with fasting glucose or HOMA-IR. For example, in age-and gender-adjusted models, resistin SNPs did not relate to fasting glucose [absolute change and 95% CI 
HDL, high density lipoprotein; TNF, tumour necrosis factor; CI, confidence interval. The results are presented as the fold increase and the 95% CI for each continuous outcome or odds ratio, for the metabolic syndrome, associated with variant resistin alleles assuming a dominant model (e.g. for -420, GG and GC vs. CC). *Fully adjusted models included age, gender, tobacco and alcohol use, exercise, aspirin/statin/niacin use, family history of CAD and, when not part of the model outcome, body mass index, the metabolic syndrome and Framingham risk score. Log-transformed continuous variables were used as outcomes in linear regression models. †The presence or absence of National Cholesterol Education Program (NCEP)-defined metabolic syndrome was used as outcome in logistic regression models. ‡Coronary artery calcium expressed as the natural log of (CAC + 1) was used in linear regression models. Numbers in bold signify statistically significant values. Fig. 1 Variation in resistin levels by -420 genotypes. Mean ± SD values of resistin levels (ng/ml) are shown for -420C>G: *P for trend = 0·04; P = 0·009 and P = 0·02 for GG or GC, respectively, vs. CC.
in mg/dl of -0·6 (-2·84 to 1·64), -1·69 (-3·54 to 0·15) and -1·30 (-3·19 to 0·60)] or HOMA-IR [fold change 0·99 (0·88 to 1·11), 0·93 (0·84 to 1·03) and 0·92 (0·82 to 1·02)] for -852A>G, -420C>G and +157C>T, respectively. Finally, CAC scores did not vary across resistin genotypes in unadjusted or adjusted models (Table 3) . There was no evidence of interaction between resistin SNPs and resistin levels in the association with inflammatory markers, lipids and CAC ( P interaction > 0·3 for all interactions). However, our study sample may be underpowered to detect modest interaction effects.
Haplotype analysis
In fully adjusted models (Table 4) , relative to the most common estimated haplotype (ACC), the AGT haplotype was associated with higher CRP levels ( P = 0·04), and the GGT haplotype was associated with sol-TNFR2 levels ( P = 0·04). When resistin was included in the model, there was no significant attenuation of the AGT haplotype association with CRP [fold change 1·21 (95% CI 1·00 to 1·45), P = 0·04) and a modest attenuation of the GGT association with TNF [1·04 (0·99 to 1·08), P = 0·1]. Haplotypes with G alleles at positions -852 and -420 tended to have higher plasma resistin levels although this did not reach nominal statistical significance ( P = 0·09 for GGT). By contrast, there was no association of any variant haplotypes with BMI, metabolic syndrome status, plasma lipids or circulating levels of leptin and adiponectin. Similar to the individual SNP analysis, in age-and gender-adjusted models, resistin haplotypes were not associated with fasting glucose [absolute change and 95% CI in mg/dl of -0·6 (-3·1 to 1·8), -1·3 (-3·5 to 1·0) and -1·2 (-3·4 to 1·0)] or HOMA-IR [fold change and 95% CI of 0·96 (0·84 to 1·10), 0·89 (0·59 to 1·01) and 0·95 (0·85 to 1·08)] for AGC, AGT and GGT, respectively. Similarly, there was no association with CAC scores (Table 4) .
Discussion
Little is known of the association of resistin gene variation with measures of inflammation in humans. 21 We found that carriers of the G allele at position -420C>G had higher plasma resistin levels but, unlike large published studies in Asian subjects, this variant only accounted for a minor variation in circulating resistin. We report for the first time that the G allele of the -852A>G SNP and haplotypes with G alleles at -852 and/or -420 were associated with higher levels of the cytokine marker sol-TNFR2. By contrast, we found no relationships between resistin gene variation and any metabolic measure including BMI, metabolic syndrome, plasma lipids or the adipokines, leptin and adiponectin. There was no association of resistin SNPs or haplotypes with CAC, an established surrogate of coronary atherosclerotic burden and CVD risk in humans. Prior studies, mostly of Asian populations, have reported a relationship between the -420G allele and plasma resistin levels. 31 however, did not observe this relationship in Caucasians, although these studies lacked power. By contrast, our study had adequate power to detect small to moderate effects of resistin SNPs on quantitative traits including inflammatory and metabolic biomarkers. Although we replicated the -420G allele association with resistin levels in our Caucasian cohort, this SNP Table 4 Association of estimated haplotypes in resistin with inflammatory and metabolic variable and coronary artery calcification
HDL, high density lipoprotein; TNF, tumour necrosis factor; CI, confidence interval. The results are presented as the fold change (or the odds ratio for a logistic regression model) and the 95% CI in each outcome for variant resistin haplotype relative to the referent most common haplotype (ACC) in multivariate models, which include age and gender, tobacco and alcohol use, aspirin/statin/niacin use, family history and, when not part of the model outcome, body mass index, metabolic syndrome and Framingham risk score. Log-transformed continuous variables were used as outcomes in linear regression models. †The presence or absence of National Cholesterol Education Program (NCEP)-defined metabolic syndrome was used as outcome in logistic regression models. ‡Coronary artery calcium expressed as the natural log of (CAC + 1) was used in linear regression models. Numbers in bold signify statistically significant values.
accounted for minor variation (about 1-2%) of circulating resistin, despite similar genotype frequencies in Caucasian and Asian populations. Consistent with this, Norata et al . recently reported a weak, nonsignificant, trend towards higher resistin levels with the -420G allele in an Italian sample. 21 The molecular mechanism underlying this apparent ethnic difference is uncertain but might relate to reported variation in regulation of mRNA transcription across ethnicity. 32 The -420C>G SNP appears to confer a gain of function for Sp1/3 transcription factor binding, thus enhancing resistin transcription and plasma protein levels. 23 Insulin signalling promotes gene transcription in part through Sp transcription factors, 33 suggesting that myeloid expression of resistin may be modulated specifically in insulinresistant states. 34 Conversely, resistin activates nuclear factor-kappa B (NF-κ B) inflammatory signalling and attenuates insulin signalling in adipocytes. 34, 35 Thus, leucocyte and adipose tissue macrophagederived resistin induced in hyperinsulinaemic states may act in an endocrine or paracrine manner to promote adipocyte inflammation and disruption of insulin signalling. Several studies, however, including our work, suggest that resistin is not significantly associated with adiposity or metabolic traits, at least in the absence of obesity or type 2 diabetes.
8,9
Kunnari et al . reported an association of -420G with higher glucose levels in 258 Finnish subjects, 36 and separate studies in China ( N = 624), 20 Europe ( N = 585) and Quebec ( N = 590) related this SNP to glucose intolerance and measures of adiposity. 19, 37 However, these results were not replicated in Scandinavian case-control and family-based populations, 37 and others have not found associations with type 2 diabetes 18 or insulin resistance. 38 Inconsistent findings may reflect differences in the metabolic phenotypes and populations across these different studies. Norata et al. found weak associations of the -420G allele with obesity, plasma triglycerides and the metabolic syndrome, although they did not report multivariable analyses adjusted for confounders. 21 In SIRCA, we did not replicate association of the -420G allele or other 5′ SNPs and haplotypes with any metabolic variables including BMI, waist circumference, NCEPdefined metabolic syndrome, plasma levels of leptin or adiponectin, HOMA or fasting glucose. Our negative findings suggest that the -420G allele and related promoter variation have limited impact on adiposity, metabolic syndrome and insulin resistance, at least in this relatively lean, nondiabetic European ancestry sample. We previously reported that in humans, unlike in rodents, resistin is induced by lipopolysaccharides (LPS) and TNF-α in macrophages in vitro and is markedly increased in leucocytes and plasma in vivo during endotoxaemia. 39 Furthermore, in asymptomatic SIRCA participants plasma levels of sol-TNFR2, a marker of TNF system activation, were correlated with resistin. 13 We now report a modest association of the -852A>G variant, and haplotypes containing the G allele at -852 and -420, with higher sol-TNFR2 in SIRCA. Adjustment for plasma resistin did not attenuate the relationship of the -852G with sol-TNFR2, suggesting that it is unlikely that this association reflects induction of cytokines by circulating resistin. 34, 35 Systemic inflammation, however, may direct the collective transcription of multiple inflammatory proteins, including resistin and TNF.
Resistin has direct pro-inflammatory actions on macrophages and vascular cells, which may promote atherosclerosis, and limited studies in rodents and humans have suggested that resistin may be atherogenic. 13, 40 In SIRCA, despite genotype associations with plasma resistin and inflammatory biomarkers, we did not find any evidence of a relationship between resistin gene promoter variation and CAC in crude or adjusted analyses. Consistent with our results, a recent study of the -420 variant in Europeans found no correlation with carotid atherosclerosis in a population-based cohort and no association with myocardial infarction (MI) in a case-control study. 21 We cannot exclude false-negative findings as our study has limited power to detect small genetic effects and we did not study all variations in the resistin gene. Indeed, heterogeneous effects may operate across race/ethnicity as a recent Chinese case-control study (N = 225 CAD patients) reported an association of the -420G allele with the presence of CAD at angiography. 41 This study has several limitations. SIRCA is a cross-sectional study and causal inferences cannot be drawn and generalizability to nonobese, nondiabetic Caucasian populations is limited. We did not perform replication studies because we focused on resistin gene variation with prior evidence of functional significance and relationship to plasma resistin levels. 23 Our study can therefore be viewed as replicating, for the first time in Caucasians, resistin gene associations with plasma resistin levels originally reported in Asian populations. Large-scale examination of additional variants that tag all common haplotype blocks is warranted to further examine the relationship with inflammatory phenotypes and to exclude modest associations with metabolic traits and atherosclerosis, and in particular to assess apparent ethnic heterogeneity.
In conclusion, we report that resistin gene variation is associated with plasma resistin levels and circulating inflammatory biomarkers but not measures of adiposity or metabolic syndrome. Furthermore, we found no relationship between resistin SNPs and haplotypes and coronary calcification, a validated measure of coronary atherosclerosis. Overall, our results support the concept that resistin is an inflammatory adipokine but argue against a significant role for resistin 5′ gene variation in adiposity, metabolic syndrome or atherosclerosis in Caucasians.
